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In Search of the Molecular Basis of Heterosis

 

Heterosis, or hybrid vigor, refers to the
phenomenon that progeny of diverse in-
bred varieties exhibit greater biomass,
speed of development, and fertility than
the better of the two parents (Figure 1).
This phenomenon has been exploited ex-
tensively in crop production and has been
a powerful force in the evolution of plants.
The genetic basis has been discussed for
nearly a century (Shull, 1908; Bruce, 1910;
Jones, 1917), but little consensus has
emerged. With the advent of the genomic
era, the tools to establish a molecular ba-
sis for heterosis are at hand. In the past,
there has been a tendency to attribute any
molecular differences between the parents
and progeny as contributing to the basis of
heterosis. Some individuals dismiss the
phenomenon as hopelessly complex. It
seems likely, however, that the complexity
derives from its multigenic nature and that
eventually a unifying principle will emerge.
In this article, we summarize some of the
salient features of heterosis that a viable
molecular model must explain.

The classic quantitative genetic explana-
tions for heterosis center on two concepts
(Crow, 1948). The first is “dominance,”
which originally meant that heterosis re-
sults from the complementation in the hy-
brid of different deleterious alleles that
were present in the inbred parental lines
by superior alleles from the opposite par-
ent. Over time, this term came to mean the
degree to which the heterozygous geno-
type performs differently from the mean of
the two homozygous classes. The second
historical explanation for heterosis is “over-
dominance,” which refers to the idea that
allelic interactions occur in the hybrid
such that the heterozygous class performs
better than either homozygous class. Al-
though these terms have developed a fol-
lowing in each case, they both now refer to
nonadditive situations, differing in degree.
These terms were coined before the mo-
lecular concepts of genetics were formu-

lated and are not connected with molecular
principles. Therefore, they are of dimin-
ished utility for describing the molecular
parameters that accompany heterosis.

At the molecular level, one can envision
two extreme models to explain heterosis.
In the first case, one might imagine that in
the hybrid, when the two different alleles of
various genes are brought together, there
is a combined allelic expression. In the
second model, the combination of differ-

ent alleles produces an interaction that
causes gene expression in the hybrid to
deviate relative to the midparent predic-
tions (e.g., by an upregulation of many
housekeeping genes). This scenario might
best be considered the result of regulatory
gene allelic interactions. Indeed, a recent
article by Song and Messing (2003), de-
scribed in more detail below, provides evi-
dence for altered regulatory effects in hy-
brids. The challenge in the development of

Figure 1. Heterosis in Maize.

Representative individuals from two inbred maize lines (B73 [far left] and Mo17 [far right]) and the
progeny of reciprocal hybrid crosses (B73/Mo17 [left center] and Mo17/B73 [right center]; the female
parent is listed first in maize genetics nomenclature) are shown. B73 and Mo17 are two high-quality
inbred lines. Nonetheless, the progeny of a hybrid cross between these two lines are taller and more
productive than either parent, illustrating the concept of heterosis.
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a molecular model for heterosis is to make
the correct associations between pheno-
type and any causative molecular events
that occur in hybrids.

The preferred explanation for heterosis
during the past century was that the two
inbred lines contain different slightly dele-
terious alleles at multiple loci. When the
hybrid is produced, all mutations are com-
plemented, generating progeny that ex-
ceed either parent. An early criticism of
this idea was that if this hypothesis were
true, it should be possible to create an in-
bred line with all of the superior alleles,
showing little or no hybrid vigor—a situa-
tion that has not occurred. The counter ar-
gument stated that, with so many genes
involved, it would be impossible to accu-
mulate all of the better alternatives into
one line as a result of the linkage of the
deleterious alleles with superior alleles of
other genes. Although it is true that any
deleterious alleles would become homozy-
gous in different inbred lines and that the
hybrid would show complementation for
these genes, this fact might account only
for the hybrid being equivalent to the bet-
ter of the two parents for the effect of any
individual gene. Alternatively, if the com-
plementation of alleles in different genes
were cumulative in the phenotype, then
heterosis would result. The molecular ques-
tion to be addressed is whether the simple
complementation of different slightly dele-
terious alleles generates a growth response
that can explain heterosis. However, sev-
eral observations regarding heterosis sug-
gest that the basic principle of heterosis is
something other than simple complemen-
tation.

The first observation to suggest a basis
other than simple complementation is that
although inbred lines have been improved
greatly over the decades, the magnitude of
heterosis has not diminished but has in-
creased slightly (East, 1936; Duvick, 1999).
If heterosis were caused by the comple-
mentation of deleterious alleles and inbred
lines have been purged of the most severe
of such alleles, then the absolute amount
of heterosis might be expected to decline
somewhat. Selection for better inbred lines

has improved the vigor of plants, but it has
done less to change the magnitude of het-
erosis. In other words, heterosis gives the
appearance of being more resistant to arti-
ficial selection than the quality of inbred
lines themselves. Furthermore, the quality
of two inbred lines does not necessarily
predict the amount of heterosis; this must
be determined in a cross. These observa-
tions suggest that instead of replacing al-
leles of genes that modulate physiological
processes important for heterosis, the
slight increase in hybrid vigor over the
years might have occurred by selecting al-
leles at the right set of loci that produce
the best combinations in hybrids to bring
about heterosis.

A second observation about heterosis
that argues against simple complementa-
tion is progressive heterosis in tetraploids
(Levings et al., 1967; Mok and Peloquin,
1975; Groose et al., 1989; Bingham et al.,
1994). At the diploid level, only two alleles
of a gene can occur in an individual, but at
higher ploidy levels, a variety of allelic
combinations are possible for any one
gene. In autotetraploids that are hybrid be-
tween two inbred lines (alleles designated
AABB), heterosis occurs, but it is typically
greater when there are potentially three or
four different alleles present at the various
loci (designated ABCD). Even in allohexap-
loid wheat, in which three different ge-
nomes contribute to the genetic constitu-
tion, hybrids between diverse varieties
exhibit heterosis (Briggle, 1963). It appears
that vigor improves with the greater num-
ber of distinct genomes present. For
simple complementation to explain pro-
gressive heterosis, each new step-wise
combination of genomes would need to
supply increasingly superior alleles to
complement the preexisting rate-limiting
alleles without introducing deleterious al-
leles at other loci. The probability that this
situation would occur is quite low. A re-
lease from a negative dosage effect on
vigor by identical alleles could account for
progressive heterosis, as discussed fur-
ther below.

The third observation to consider is that
inbreeding depression (the decline in vigor

over several generations of selfing) in tet-
raploids of many species proceeds faster
than expected based on the homozygosis
of alleles (Randolph, 1942; Alexander and
Sonnemaker, 1961; Busbice and Wilsie,
1966; Rice and Dudley, 1974). In a diploid,
selfing of a heterozygote (A/B) will produce
half of the progeny that are homozygous
at any one locus and the other half that re-
generate the heterozygous situation. In an
autotetraploid, the selfing of a heterozy-
gote (A/A/B/B) will produce homozygotes
(A/A/A/A or B/B/B/B) at any one locus in
only 

 

�

 

1 of 18 offspring (depending on the
degree of linkage to the centromere). In
addition to A/A/B/B heterozygotes being
formed again, A/A/A/B and B/B/B/A het-
erozygotes are present in the population.
Despite this difference in the rate of pro-
gression to homozygosity, the trajectory of
inbreeding depression in tetraploids often
is faster than predicted and not very differ-
ent from that in diploids. In some species,
tetraploid inbreeding depression proceeds
faster than at the diploid level. As discov-
ered by Randolph (1942), tetraploid deriv-
atives of inbred maize lines often are less
vigorous than the diploid progenitor. Thus,
in this species, the end product of in-
breeding depression in tetraploids is less
than that of diploids, even though the ge-
notype is identical (but differs in dosage).
One resolution of this finding is to suggest
that allelic dosage plays a more important
role in tetraploids for generating inbreed-
ing depression than does complete ho-
mozygosis itself, because the allelic dos-
age shifts more rapidly than homozygosis
during selfing. The increasing number of
identical alleles appears to have a negative
dosage effect on vigor.

If there is any involvement of a dosage
effect of alleles in polyploid heterosis, this
realization is gratifying given that the bulk
of quantitative trait loci show some de-
gree of semidominant behavior (Tanksley,
1993), indicating that the control of quanti-
tative characters is largely affected by
multiple loci that exhibit an allelic dosage
effect. The results of aneuploid studies
likewise indicate that quantitative charac-
teristics are affected by multiple dosage-
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dependent genes (Lee et al., 1996). There
is likely a connection between these two
observations (Guo and Birchler, 1994).

What is responsible for such dosage
effects? It has been argued that these
dosage effects are a reflection of dosage-
dependent gene regulatory hierarchies
(Birchler et al., 2001). Most regulatory genes
exhibit some measure of dosage depen-
dence, whereas target housekeeping genes
usually show a greater degree of domi-
nance/recessive behavior between allelic
alternatives (Birchler and Auger, 2003).
One possible explanation for this partial di-
chotomy comes from an analysis of dos-
age-sensitive genes in yeast (Papp et al.,
2003). Loci that tend to have a significant
haplo-insufficient effect on growth in dip-
loid yeast encode products that are in-
volved in molecular complexes. Regula-
tory genes in multicellular organisms often
function as part of complexes, so if the
same rules apply, regulatory genes usually
will exhibit some measure of dosage de-
pendence, whereas genes that encode
metabolic functions will be less likely to
show a dosage effect. Empirical observa-
tions indicate that most regulatory genes
do exhibit some type of dosage response
(Birchler et al., 2001). Consequently, quan-
titative traits will be controlled in large part
by multiple dosage-dependent regulatory
loci. Following this train of thought, one is
led to the idea that heterosis is the result
of different alleles being present at loci
that contribute to the regulatory hierar-
chies that control quantitative traits.

Are there any data available on gene ex-
pression in inbreds and hybrids to suggest
a shift in gene regulation in hybrids? A re-
cent study by Song and Messing (2003),
as well as work in our own laboratory
(Osborn et al., 2003) and earlier work at
the protein level by Romagnoli et al. (1990)
and Leonardi et al. (1991), indicate that the
expression of many genes does not exhibit
the expected midparent value. In the study
by Song and Messing, zein gene expres-
sion was studied in the endosperm of two
inbred lines and their reciprocal hybrids.
There are many zein genes that contribute
to the total storage protein pool. Zein

cDNAs were cloned by reverse tran-
scriptase–mediated PCR and then se-
quenced in large numbers. The relative ex-
pression of the various zein genes then
were determined by the relative frequency
of cDNAs for the various genes present in
the sequenced sample. Of the 10 genes
studied, only in one case did the hybrid
expression follow the predictions of allelic
dosage contributing to the genotype. Re-
markably, in this study and those cited
above, the range of deviation fell within ei-
ther a twofold increase or a twofold de-
crease. The question then becomes, are
these changes responsible for heterosis or
a result of it? And if they are responsible,
what property of heterozygosity at regula-
tory loci would produce this response at
the target genes?

It is interesting to compare these results
with the behavior of enhancer trap lines in
species hybrids in the genus 

 

Drosophila

 

.
The changes in zein gene expression in
maize hybrids have parallels with the al-
tered reporter gene activity found in spe-
cies hybrids. Hammerle and Ferrus (2003)
examined the expression of enhancer trap
lines in 

 

D. melanogaster

 

 and in hybrids
with 

 

D. simulans

 

 or 

 

D. mauritiana

 

 using

 

lacZ

 

 as a reporter. In three different ho-
mozygous strains of 

 

D. melanogaster

 

, no
variation in expression was found. How-
ever, in the interspecific hybrids, 

 

lacZ

 

 ex-
pression was modulated either up or down
relative to that in the 

 

D. melanogaster

 

 con-
trol. Thus, the behavior of target genes in
this case shows a pattern similar to that
found by Song and Messing (2003). These
findings indicate that bringing together di-
vergent regulatory hierarchies will cause glo-
bal modulations of target gene expression.

The magnitude of the changes in plant
hybrids is interesting given that heterotic
characteristics seldom show greater than
twofold effects in terms of the change in
biomass or fertility, although spectacular
exceptions exist. Nevertheless, it is impor-
tant to remember that even trivial changes
in fertility compounded at each generation
will produce a tremendous advantage for
the favorable genotype. Those genotypes
that maintain heterozygosity, and hence

 

heterosis, will have an advantage over alter-
native genotypes under most conditions.
Thus, documenting these small changes in
gene expression will help us understand
large effects over evolutionary time.

If changes in gene expression are re-
sponsible for heterosis, which genes are
involved? Furthermore, how do these
changes compare with the alterations in
gene expression that occur in aneuploids,
which in most cases are detrimental to
vigor? Aneuploidy also causes changes in
gene expression typically within a twofold
range (Birchler, 1979; Birchler and Newton,
1981; Guo and Birchler, 1994; Auger et al.,
2001; Wanous et al., 2003). These changes
can result from structural gene dosage ef-
fects, but more often they result from

 

trans

 

-acting effects that modulate the ex-
pression of most of the genome (Birchler
et al., 2001; Matzke et al., 2003). It has
been proposed that the reductions in gene
expression that occur in both monosomics
and trisomics are rate limiting on the
phenotype and therefore act as underlying
contributors to aneuploid syndromes (Birchler
and Newton, 1981; Guo and Birchler,
1994; Birchler et al., 2001). It appears that
the reductions in gene expression are det-
rimental to the vigor of the aneuploid
plants. To date, these analyses have relied
on a sampling of gene expression rather
than a comprehensive examination of ge-
nome-wide expression patterns. A larger
sampling might determine, for example, if
heterosis in general is correlated with a
majority of the increases in gene expres-
sion while aneuploidy leads to a significant
number of reductions in gene expression
in both monosomics and trisomics. A more
complete picture might elucidate this dis-
tinction, if there is a meaningful compari-
son to be made. What distinguishes the
phenotypic consequences of the ups and
downs of gene expression in aneuploids
versus hybrids? One possibility is that the
gene expression changes that foster in-
creased biomass and fertility have been
selected in hybrid states over long periods
of time, whereas aneuploid situations usu-
ally are transitory and the result of labora-
tory manipulations.
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Microarray analyses might be able to
provide some answers about the spectrum
of genes that change in expression in hy-
brids and in which direction the changes
occur. These studies, however, typically
discard alterations in gene expression that
are below a twofold cutoff. It is possible,
even probable, that the truly relevant
changes would be obscured by this type
of data treatment. However, as the tech-
nology and statistical analysis of microar-
ray data improve, the ability to go below
this threshold will improve.

To formulate a molecular model of het-
erosis, simple broad alternatives need to be
tested so that more refined and targeted
hypothesis testing can focus on the de-
tailed mechanism. One could argue that
nothing less than defining how the genome
interacts to create the phenotype is needed
for an understanding of heterosis and that
this understanding is too far in the future to
attempt any examination of heterosis at
present. Such a view is too agnostic and
should not stand in the way of chipping
away at alternatives. An eventual molecu-
lar explanation of heterosis will determine
whether it can be manipulated for the ben-
efit of agriculture and biotechnology.
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